Characterization of flexible thin film CIGSe solar cells grown on different metallic foil substrates  by Khelifi, Samira et al.
Available online at www.sciencedirect.com
Energy Procedia  00 (2009) 000–000 
Energy
Procedia
www.elsevier.com/locate/procedia
E-MRS Spring Meeting 2009, Symposium B 
Characterization of flexible thin film CIGSe solar cells grown on 
different metallic foil substrates 
Samira Khelifia,b,*, Abderrahmane Belghachib, Johan Lauwaerta,c, Koen Decocka,
Jeannette Wienked, Raquel Caballeroe, Christian.A Kaufmanne and Marc Burgelmana
a Department of Electronic and Information Systems (ELIS), University of Gent, St-Pietersnieuwtraat 41, B-9000 Gent, Belgium 
bLaboratory of Phyisics of Semiconductors Devices(LPDS), University of Bechar, PO Box 417, Bechar (08000), Algeria 
cDepartment of Solid State Sciences, University of Gent, Krijgslaan 281-S1, B-9000 Gent, Belgium. 
dPVFlex Solar GmbH, Tränkeweg 9, D-15517 Fürstenwalde, Germany 
e Helmholtz-Zentrum Berlin für Materialien und Energy GmbH,,Solar Energy Research-Technology, Liese-Meitner Campus, 
 Glienickerstrasse 100, 14109 Berlin, Germany 
Abstract 
Flexible Cu(In,Ga)Se2 thin films  have been deposited using a three stage process on several metallic foil substrates with different 
barrier and back contact layers. The main difficulty associated with metallic substrates is the possible diffusion of impurities into 
the CIGSe absorber layer during the high temperature deposition or annealing process. 
The objective of this work is to study and understand the effect of substrates and the barrier/contact layer on the internal 
operation of the CIGS solar cells.  
Therefore, electrical characteristics of CIGSe thin films have been studied using current-voltage, capacitance profiling and 
quantum efficiency measurements. We found that the conversion efficiency depends on the choice of the substrate material and 
back contact layer. An efficiency of 13 % on the average was achieved. 
The defects levels in GIGS were studied by the means of admittance spectroscopy (AS) and deep-level transient spectroscopy 
(DLTS) measurements, in order to understand the correlation between the origin of these defects and CIGS solar cells 
performances. Different defects were detected in these cells the first one observed in most of the cells strictly resemble to N1.  
Other defects were only present in cells with CrN combined barrier and contact layer and thus could be assigned to impurities 
related to the metallic substrate or back contact. 
© 2009 Published by Elsevier B.V. 
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1. Introduction 
Flexible thin-film solar cells have attracted an important attention within the past years and several results have 
been reported on the development of flexible and lightweight copper-indium-gallium-selenide modules. Metals and 
polymers are strong candidates for CIGSe flexible substrate, but metallic foils offer the possibility to deposit the 
CIGSe absorber at temperatures similar or higher than those used for high-quality absorber on glass substrate. An 
efficiency of 17.4 % was achieved by Mo/Cu(In,Ga)Se2/CdS/ZnO cells of 0.4138 cm2 deposited on stainless steel 
substrate [1].  However at higher temperature processing, undesirable diffusion of impurities from the metal into the 
absorber increases, especially Fe which is known to have a very detrimental effect on the absorber quality. In order 
to reduce absorber contamination by diffusion of Fe or other elements, barrier layers such as SiOx, Al2O3 or Cr can 
be applied on the metal foil substrate [2]. 
Several Stainless steal substrates with different back contact layers have been supplied by PVFlex company 
(Berlin,Germany). The substrate structures were completed to CIGSe solar cells at Helmholtz centre (Berlin, 
Germany) with their standard process developed for CIGSe cell on Ti foil, which has lead to 16.2 % efficiency [3]. 
In this work we report on the electrical characterization of these cells in order to correlate the CIGSe cells properties 
with the substrate/treatment combination and investigate the nature of defects limiting or not the CIGSe solar cell 
performance. 
2. Experimental 
The metallic foil substrates used by PVFlex were steel foils with different surface quality and polishing 
treatments.  The back contact consists either of a chromium barrier layer, deposited by electron beam evaporation, in 
combination with an evaporated molybdenum contact layer (Cells 1 and 25) or of an evaporated CrN layer, which 
combines the functions of barrier and contact layer (Cells 4 and 13). The substrate/treatment combinations were 
completed to CIGSe thin film solar cell of 0.5 cm2 total area using the three-stage co-evaporation process [3]. The 
process includes the evaporation of a NaF layer onto the contact layer prior to the absorber deposition process.  
At the University of Gent, the electrical characteristics of these solar cells have been studied. The main 
characterization consisted of I-V, C-V, C-f and QE(O) as a function of temperature. The current-voltage 
characteristics (I-V) are performed using a Keithley 220 programmable constant current source under AM 1.5 and 
100 mW/cm2 illumination at 25°C. Admittance spectra and capacitance-voltage (C-V) characteristics have been 
measured using a HP 4192A LF impedance analyzer (5 Hz-13 MHz). Temperature dependent measurements have 
been done using a coldfinger cryostat within the range of 100K to 360K.  DLTS have been performed using a 
Fystech 1030 Fourier Transform DLTS system in combination with a Leybold and Heraeus contact gas cryostat. 
Also X-ray photoelectron spectroscopy (XPS) analysis were performed to investigate presence or not of metallic 
impurities, diffused into the CIGSe absorber from the substrate materials. 
3. Results and discussion 
3.1. Layers structure 
The thicknesses of various layers of sample 25 (Mo/Cr/S) (see Table. 1) as determined by SEM on cross section 
cut with a FIB (Focussed Ion Beam) are presented in Fig. 1. The SEM image shows a 140 nm thick transition layer 
between the absorber and the back contact layer. This layer can be a MoSe2 resulting from the reaction of Mo with 
Se during the deposition [4]. However, further studies are necessary to confirm this. 
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Fig. 1. Scanning electron microscope (SEM) images of CIGSe solar cells grown on stainless steel foils at T= 525°C for sample 25 (Mo/Cr/S).
The columnar structure results from the ion beam preparation process, and does not reflect the grain structure.
3.2. Electrical characteristics
Four different samples were measured with different substrate/back contact combinations. The solar cells
parameters of the best cells extracted from current–voltage characterization under dark condition are summarized in
Table 1. The highest series resistance and shunt conductance were measured for a cell of sample 13 (CrN/S), with
series resistance Rs.A = 1.47 :.cm2 and Gsh/A = 9.48 mS/cm2. We note that series resistance of 0.7 :.cm2 is
acceptable for devices with reasonable open-circuit voltage [5].
Table.1: Solar cells parameters extracted from I-V measurements under dark conditions for various substrate/treatment combinations. SS1 and 
SS2: two different kinds of Stainless steel foil; S: steel foil.
Sample 11
(Mo/Cr/SS1)
25
(Mo/Cr/S)
4
(CrN/SS2)
13
(CrN/S)
Steal foils SS1
(polished)
S
(polished)
SS2
(polished)
S
(not polished)
Barrier Layer Cr Cr
Contact layer Mo Mo
CrN CrN
J01 (mA/cm2) 7.8u10-8 5.9u10-6 3.5u10-7 1.3u10-5
N1 1.6 1.4 1.5 1.5
Rs.A (:.cm2) 0.79 0.15 1.37 1.47
J02 (mA/cm2) 1.9u10-4 4.5u10-5 2u10-4 2.9u10-4
N2 2.24 2.2 2.4 2
Gsh/A (mS/cm2) 1.05 0.26 0.28 9.48
Table 2 summarizes the best photovoltaic output parameters and standard deviation in efficiency measured under
illumination conditions. The values of Cu and Ga content were measured at Helmholtz Center by X-Ray
Fluorescence measurement (XRF). The statistics in Table 2 include all processed cells, removing one or two low
efficiency cells from each sample. The best efficiencies were measured for samples 11 and 25 with a better
efficiency uniformity being observed in sample 25. This can be attributed to the smoother surface of the steel used
as a substrate for this sample. The smoothing (or polishing) was carried out to remove irregularities from the
surface, which could be possible causes of pin holes and shunts during subsequent processing. Note that the metallic
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foil used as substrate in samples 25 and 13 was the same but in this latter without smoothing and with a CrN back
contact.
Table. 2: Solar cells output measured for all samples. Ga and Cu content were measured with XFR measurement at Helmholtz Center (Berlin).
III is the total content of group III elements, thus [In] + [Ga], and x is the gallium content: x = [Ga]/ [In]+ [In]. T1 = 330 °C ;T2 = 525 °C (T1 and 
T2 are the temperatures of phase 1 and 2 respectively of the deposition process)
Sample [Cu]/III x= [Ga]/III Voc (mV) Jsc (mA/cm2) FF (%) K (%) # Cells measured Std.Dev. K (%)
11 0.88 0.35 589.2 33.64 69.72 13.82 8 1.71
25 0.88 0.39 560.6 34.85 70.1 13.69 13 1.53
4 0.88 0.34 465.5 32.62 64.6 9.8 5 0.66
13 0.89 0.40 443.6 36.95 40.74 6.7 13 0.72
Increasing Ga content should lead to an increase in the Voc which is not the case for samples 13 with the highest 
value of gallium content (x= 0.4). The lower Voc values measured for samples 4, 13 could be caused by the out-
diffusion of substrate impurities into the absorber layer, since these cells were grown on the stainless steel substrate
with the combined CrN back contact. It is also important to note that Cr from the CrN layer reacts with Se during
the CIGSe deposition and therefore could affect the absorber quality [6].
In some cases, elements can diffuse from the barrier itself through the contact layer into the absorber [7].
Therefore, barrier layers can reduce the amount of diffusion elements from the metallic foil but are in general not
perfect blocking layers.
From the external quantum efficiency measurements presented in Fig. 2, it is clear that the band gap of CIGSe 
absorber is affected by the type of the substrate and the choice of the back contact layers. A decrease in the spectral
response in sample 4 is clear and probably due to an increase of recombination process inside the absorber.
However, the increase in the spectral response in the spectrum range 800 O  1000nm observed in sample 11
shows a better quality of the absorber in this sample compared to the others. The shift in band gap observed in these
cells could be due to a change in the maximum process temperature during the different stage of the deposition
processes [8]. The temperatures referred in Table 2 are apparent temperatures, measured in the experimental set up
and depends on the position of the thermocouple during the deposition process [3].
Fig. 2. External quantum efficiency of all samples. Sample 11 (Mo/Cr/SS1); sample 25 (Mo/Cr/S); sample 4 (CrN/SS2); sample 13 (CrN/S).
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The doping density profile as determined by the standard Mott-Schottky analysis at 100 kHz for the best cell on
each sample is displayed in Fig. 3. The samples grown with a CrN back contact have higher apparent doping density
(samples 4 and 13).
Fig. 3. Apparent doping profile N(x) from the C-V measurements at f= 100 kHz at room temperature. Sample 11 (Mo/Cr/SS1); sample 25 
(Mo/Cr/S); sample 4 (CrN/SS2); sample 13 (CrN/S).
3.3. XPS analysis 
The XPS profiling performed on sample 4 (CrN/SS2) is shown in Fig. 4. The concentrations of Cu, In, Ga, Se
from the absorber layer, as well as Cr and Fe from the back contact and the stainless steel substrate are plotted vs.
the sputter time. It can be clearly seen that there is a diffusion of Fe and Cr into the CIGSe absorber layer. Also, an
inhomogeneous distribution of Ga is apparent, showing gallium enrichment at both edges of the absorber, i.e. 
towards the buffer layer and the contact.
Fig. 4. Concentration profile of sample 4 (CIGSe/CrN on SS foil) by XPS investigation.
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3.4. Defect spectroscopy
Admittance spectroscopy measurements were carried out on all the samples to investigate the presence or not of
defects in these cells and their effect on the solar cells performance. Fig. 5 shows the capacitance-temperature
measured at frequency of 100 kHz. A highest step from cryogenic to room temperature is observed in sample 4
(CrN/SS2), which can be caused by a high concentration of deep defects.
The defect densities over activation energy for all samples are calculated by temperature dependent admittance
spectroscopy using the method of Walter et al [9]. The defect density spectra are presented in Fig. 6.
An energy level with an activation energy varying from 50- 150 meV was found in samples 11, 25 and 13, with
an apparent defect energy concentration of 3u1016 cm-3.eV-1, 6u1016 cm-3.eV-1 and 1.64u1016 cm-3.eV-1 respectively. 
This defect seems most likely to the so called N1, which was reported in CIGSe-based solar cells [10-12] and
attributed to interfacial defects with activation energy between 50 meV and 250 meV [5].
Other defects were detected only in cells having a CrN back contact (samples 4 and 13), which have a broad
distribution centered at around 330 meV (NT = 3u1017 cm-3.eV-1) and 300 meV (NT = 3.4u1016 cm-3.eV-1) in sample 4
and 220 meV in sample 13 (NT = 1.6u1016 cm-3.eV-1). These defects seems to have similar admittance spectrum as
the trap commonly referred as N2 and considered as major recombination center leading to a degradation of CIGS
solar cell performance, especially the open circuit voltage [12]. However this N2 is often observed in cells grown
on a glass substrate and in this work the level was only observed in cells grown on a steel substrate with CrN as a
back contact and the level is clearly absent if a Cr barrier layer was deposited, thus we tentatively assign this level to 
a defect related to impurities diffusing from the substrate or the CrN back contact.
We conclude that the increase of the doping density profile observed in sample 4 is probably caused by the high
density of defects present in this sample. Thus, the lower open-circuit voltage values measured in samples 4 and 13
are certainly due to the presence of this defect in the CIGS absorber, grown with a CrN back contact.
Fig. 5. Capacitance-temperature measured at a frequency of 100 kHz for all the samples.
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Fig. 6. Defect density vs. activation energy calculated from the C-f-T spectra for all the samples.
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3.5. DLTS measurements
Deep-level transient spectroscopy measurements were performed on samples 11 (Mo/Cr/SS1) and 4 (CrN/SS2).
The DLTS signal for the samples is shown in Fig. 7. Here the negative peaks correspond with minority carrier
emission, i.e. electron emission in the p-type CIGS absorber.  For both samples a reverse biased pulse was applied
which was not favourable for the observation of minority carrier traps, this observation suggests an inversion layer
close to the buffer (CdS) absorber (CIGS) interface.
The Arrhenius plot of the emission rates presented in Fig. 8, shows the apparent activation energy (ET) and the 
apparent electron capture cross section (Vna) observed in these samples. The emission energy obtained for sample 11 
(ET = 150 meV) and sample 4 (ET = 300 meV) are in good agreement with those calculated from the AS 
measurements.  From the DLTS-spectra it could be concluded that not only the N1 level observed in sample 11, but
also the level observed in sample 4 is negative and thus the energy position is relative to the conduction band.  This
confirms that this level originates from impurities related to the metallic substrate and is not the well-known N2 
level.
Fig. 7. DLTS spectra measured for sample 11 (Mo/Cr/SS1) and 4 (CrN/SS2).
Fig. 8. Arrhenius plot of DLTS peaks observed in Fig. 6 in samples 11 and 4.
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4. Conclusion 
Thin film CIGSe solar cells grown on different metallic foil substrates, using either a CrN combined 
barrier/contact layer or a Cr barrier and a Mo contact were investigated by means of current-voltage, quantum 
efficiency, admittance Spectroscopy (AS) and Deep-Level Transient Spectroscopy (DLTS) measurements. The best 
cells were those grown with a Cr barrier layer and had an efficiency exceeding 13%. Excellent efficiency uniformity 
was observed in sample 25 probably related to the type of substrate/barrier combination (the type of the SS substrate 
used for this sample). The other cells (samples 4 and 13) had lower efficiencies caused by lower open-circuit 
voltages. The decrease in open-circuit voltage in these samples is due to presence of defects detected by AS 
measurements, which altered the CIGSe absorber quality. This defect was detected only in samples grown with just 
a CrN back contact. Thus, out-diffusion of impurities from the metallic foil substrate or CrN layer to the absorber 
could be responsible of deteriorating the absorber quality. 
Acknowledgement 
We gratefully acknowledge the Helmholtz team for the sample preparation. We thank Hamidreza Azarinia of 
ELIS for the FIB measurements. This work is part of cooperation between PVFlex Solar GmbH and ELIS 
department of the University of Gent, and is supported by BMWT, Germany. 
References 
[1] M.A. Contreras, B. Eggas, K. Ramanathan, J. Hiltner, A. Swartzlander, F. Hasoon, R. Noufi, Progress toward 20% efficiency in Cu(In, 
Ga)Se2 polycristalline thin film solar cells, Prog. Photovol. Res. Appl. 7 (1999) 311. 
[2] F. Kessler, D. Rudmann, Technological aspects of flexible CIGS solar cells and modules, Sol. Energy. 77 (2004) 685. 
[3] C.A. Kaufmann, A. Neisser, R. Klenk, R.Scheer, Transfert of Cu(In, Ga)Se2 thin film solar cells to flexible substrate using an in situ process 
control, Thin Solid Films. 480 (2005) 515.  
[4] T. Wada, N. Kohara, T. Negami, M. Nishitani, Chemical and structural characterization of Cu(In,Ga)Se2 solar cells, Jpn.J.Appl.Phys. 35 
(1996) L1253.  
[5] U. Rau, H.W. Schock, Cu(In, Ga)Se2 solar cells, in: M.D. Archer, R. Hill, Series on Photoconversion of solar energy, Imperial College Press, 
Vol.1, 2001. 
[6] K. Orgassa, H.W. Schock, J.H. Werner, Alternative back contact materials for thin film Cu(In,Ga)Se2 solar cells, Thin Solid Films. 431-432 
(2003) 387. 
[7] F. Kessler, D.Herrmann, M.Powalla, Approache to flexible CIGS thin-film solar cells, Thin Solid Films. 480-481 (2005) 491. 
[8] C.A. Kaufmann, R. Caballero, T. Unold, R. Hesse, R. Klenk, S. Schorr, M. Nichterwitz, H.-W. Schock, Depth profiling of Cu(In,Ga)Se2 thin
films grown at low temperatures”, Solar Energy Materials and Solar Cells. 93 (2009) 859. 
[9] T. Walter, R. Herberholz, C. Müller, H.W. Schock, Determination of defect distribution from admittance measurements and application to 
Cu(In,Ga)Se2 based heterojunctions, J.Appl.Phys. 80 (1996) 4411. 
[10] R. Herberholz, M. Igalson, H.W. Schock, Distinction between bulk and interface states in CuInSe2/CdS/ZnO by charge spectroscopy, 
J.Appl.Phys. 83 (1998) 318. 
[11] M.Igalson, P. Zabierowski, Transient capacitance spectroscopy of defect levels in CIGS devices, Thin.Solid.Films. 361 (2000) 371. 
[12] J.T. Heath, J.D. Cohen, W.N. Shafarman, Bulk and metastable defects in CuIn1-xGaxSe2 thin films using drive-level capacitance profiling, 
J.Appl.Phys. 95 (2004) 1000. 
[13] U. Rau, M. Schmidt, A. Jasenek, G. Hanna, H.W. Schock, Electrical characterization of Cu(In,Ga)Se2 thin film solar cells and the role of 
defects for the device performance, Solar Energy Materials and Solar Cells, 67 (2001) 137. 
S. Khelifi et al. / Energy Procedia 2 (2010) 109–117 117
